A study of the system produced in charge exchange and 
central collisions 



00 

> 
o 



> 
o 

(N 



oo 

Q-h! 

Oh! 
CD 
43 



X 



Andrei A. Kondashov a 

a IHEP, Protvino, Moscow region, 142 284 RUSSIA 
On behalf of the GAMS and WA102 Collaborations 

A study of the 7r°7r° system produced in charge exchange n~p collisions at 38 and 100 GeV/c and in central pp interactions 
at 450 GeV/c has been carried out. The S wave has rather a complicated structure in both processes indicating the existence 
of several scalar resonances. The /o(980) and /o(1500) appear as dips at 1 and 1.5 GeV in the S wave for charge exchange 
reaction, and as shoulders at these masses in the S wave for central production. The production of the /o(980), /o(1300) and 
/o(1500) in the reaction pp — » pf-rr ir p s as a function of the cIPt kinematical filter shows the behaviour differed from what 
has been observed for the undisputed qq mesons. An extra /o(2000) state is seen in the S wave for charge exchange reaction 
as a dip at 2 GeV. Resonances with higher spins, /2(1270), /4(2050) and /g(2510), have also been studied. All the three 
mesons are produced in the reaction 7r~p — > 7r°7r°n mainly via an one-pion exchange for small — t, whereas a natural-parity 
exchange domimates for large —t. The behaviour of the centrally produced /2(1270) as a function of the cLPt is consistent 
with what has been observed for other qq states. 



1. INTRODUCTION 

One of the most intriguing problems of the mod- 
ern meson spectroscopy is the search for the gluon 
bound states (glueballs). A mass of the light- 
est scalar glueball should lie in the region 1500 — 
1750 MeV as expected from the lattice QCD calcu- 
lations Jl|,||]. Scalar glueball candidates have been 
observed in several experiments. An analysis of 
the GAMS data on the IJ PC = 00++ states to- 
gether with the data of other experiments || re- 
vealed the existence of five scalar resonances in the 
mass range up to 1.9 GeV. One of these states is 
extra for qq systematics, being a good candidate 
for the lightest scalar glueball. 

Nevertheless, despite on considerable experi- 
mental and theoretical efforts the understanding 
of the scalar meson sector is rather controversial 
now. To identify unambiguously the scalar glue- 
ball, the structures of the scalar qq-nonets need to 
be clarified, because glueball state should be su- 
perfluous for qq-systematics. The picture may be 
complicated if glueball is located in the vicinity of 
qq-mesons with identical quantum numbers that 
raises their mixing and leads to the dispersing of 
the glueball component over several mesons. 

The 7r°7r system looks very attractive for ex- 
perimental investigation and for study of the scalar 
resonances, in particular. Only even J waves 
are present in this system, which simplifies greatly 



analysis and eliminates contributions from the odd 
waves as compared to the tt + tt~ system. Study of 
the 7T 7r° S wave in different processes should ex- 
tend our knowledge about the scalar mesons and 
help to identify the states with enhanced gluonic 
component. 

In the present report overview of results on the 
7r 7r system produced in charge exchange reaction 
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obtained by the GAMS Collaboration at 38 and 
100 GeV/c is given and new GAMS and WA102 
results on the tt°tt system produced in the reac- 
tion 

PP — > PfM°p s 

I (2) 
U 7r°7r° ->• 4 7 

at 450 GeV/c are presented. The subscripts / and 
s in (|^) indicate the fastest and slowest particles 
in the laboratory frame, respectively. 

2. DATA SELECTION 

The reaction ([l]) data have been obtained in two 
experiments carried out with the GAMS-2000 mul- 
tiphoton spectrometer in 38 GeV/c tt~ beam ex- 
tracted from the 70 GeV IHEP proton accelerator 
(experiment SERP-E-140 at IHEP, Protvino) and 
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Figure 1: Invariant mass spectra of the 7r 7r° system pro- 
duced in reaction (Q) at 100 OeV/c, -t < 0.2 (GeV/c) 2 (a), 
and in reaction (Eh, WA102 data (b). 

with the GAMS-4000 spectrometer in 100 GeV/c 
7T- beam of SPS (experiment NA12 at CERN). 
The general layout of the experiments, details 
of the GAMS-2000 and GAMS-4000 construc- 
tions and calibrations as well as event selection 
procedures have been given in previous publica- 
tions |,|. 

After kinematical analysis (3C fit, masses of 
recoil neutron and two mesons being fixed) a total 
of 1.5 x 10 6 and 6.5 x 10 5 7r°7r° events are selected 
at 38 and 100 GeV/c, respectively. Mass spec- 
trum of the 7r°7r° events for 4-momentum transfer 
squared —t < 0.2 (GeV/c) 2 is shown in fig. |l|a. It 
is dominated by the /2(1270). A narrow dip corre- 
sponding to the /o(980) is clearly seen at 1 GeV. 
A peak at 2 GeV is identified with the / 4 (2050). 
A bump around 1.7 GeV is due to the S wave con- 
tribution (see sect. 4). For -t > 0.2 (GeV/c) 2 , 
the /2(1270) peak is also clearly seen, whereas a 
shoulder appears on the place of the dip at 1 GeV. 

The reaction (||) data come from the NA12/2 
and WA102 experiments performed in 450 GeV/c 
proton beam of SPS at CERN. The NA12/2 exper- 
iment has been carried out with the GAMS-4000 
spectrometer. The WA102 experiment has been 
performed using CERN Omega Spectrometer j(| 
and GAMS-4000. 

Separation of the 7r°7r° events is carried out 
on the basis of kinematical analysis (6C fit, four- 
momentum conservation being used and masses 
of two mesons being fixed). Events containing 
a fast A + (1232) are removed by imposing a cut 
M(p f n ) > 1.5 GeV, which leave 55 000 centrally 




Figure 2: The \S\ 2 for the 7r 7r system produced in reac- 
tion (0) at 38 (a) and 100 GeV/c (b), -t < 0.2 (GeV/c) 2 . 
The curves show fit with the sums of four relativistic Breit- 
Wigner functions and backgrounds. 

produced 7r°7r° events for NA12/2 and 166 000 
7r 7r events for WA102. 

Mass spectrum of the centrally produced ir°ir° 
system is shown in fig. [l]b. A peak at 1.25 GeV 
corresponding to the / 2 (1270) and a shoulder at 
1 GeV which appears due to the interference of 
the Jo (980) with the S wave background are clearly 
seen. 



3. PARTIAL WAVE ANALYSIS 

For reaction (1), the coordinate system axes are de- 
fined in the Gottfried- Jackson frame. For reaction 
(2), the z-axis is chosen to be along the direction of 
the exchanged particle momentum in "slow" ver- 
tex in the 7r°7r° centre of mass system, the y-axis is 
defined to be along cross product of the exchanged 
particle momenta in the pp centre of mass system. 

The amplitudes used for PWA are defined in 
the reflectivity basis . Only amplitudes with spin 
z-projections \m\ = and 1 are taken into account 
since amplitudes with |m| > 1 are equal to zero 
within the error bars as follows from analysis of the 
angular distributions. The amplitudes with spin 
/ = 0, 2 and 4 (S, D and G waves, respectively) 
are used for the reaction d) PWA at 38 GeV/c, 
the amplitudes with I = 6 ( J waves) are added at 
100 GeV/c. Only S and D waves are considered 
for reaction (|J). Contribution of the higher waves 
is negligibly small in the mass ranges under study 
for each reaction. 
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4. REACTION ir-p -> vr 7r°n 

The S wave amplitude module squared for the 
physical solution found for -t < 0.2 (GeV/c) 2 §,§ 
is shown in fig. ||. The S wave has rather a compli- 
cated structure. It demonstrates a series of bumps 
separated with dips at 1, 1.5 and 2 GeV. The two 
first dips point to the existence of the /o(980) and 
/o(1500) resonances. Rapid variation of the rela- 
tive phase of the S and Dq waves at 1 and 1.5 GeV 
confirms the presence of these resonances. The dip 
at 2 GeV is clearly seen at 100 GeV/c, it is less 
prominent at 38 GeV/c due to insufficient detec- 
tion efficiency at high mass. This dip indicates the 
presence of a new scalar resonance around 2 GeV. 
Such conclusion is confirmed by the fast variation 
of the S wave phase in this mass region Q . 

A simultaneous if-matrix analysis of the 
GAMS data on the S wave in the 7r°7r°, 7777 and 
7777' systems produced in charge exchange reactions 
at 38 GeV/c in the mass range below 1.9 GeV 
together with the Crystal Barrel, CERN-Munich 
and BNL data || points to the existence of four 
comparatively narrow scalar resonances /o(980), 
/o(1300), / (1500) and / (1780) and one broad 
scalar state /o(1530) with a width of about 1 GeV. 
The poles of the partial amplitude corresponding 
to physical states are determined by the mixture 
of input ("bare") states related to the if -matrix 
poles via their transition into real mesons. The 
analysis || shows that one bare state in the mass 
region 1.2 — 1.6 GeV is superfluous for the qq- 
classification, being a good candidate for the light- 
est scalar glueball. This superfluous bare state is 
dispersed over neighbouring physical states: the 
narrow /o(1300) and /o(1500) resonances and the 
broad / (1530). 

For —t > 0.3 (GeV/c) 2 , a narrow peak is seen 
in the S wave on the place of the dip at 1 GeV 
observed at low momentum transfer (fig. ||) ||, |). 
A mass 997 ± 5 MeV and a width 48 ± 10 MeV of 
the peak are in good agreement with the tabulated 
/ (980) parameters @. 

A simultaneous analysis of the GAMS data on 
the 7r°7r° S wave around 1 GeV together with the 
Crystal Barrel and CERN-Munich data @ shows 
that the Jo (980) is strongly related to the irir chan- 
nel and much weaker to the KK channel (ratio of 
Jo (980) coupling constants squared to the 7T7T and 
KK channels is equal to 6). This fact, together 
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Figure 3: The \S\ 2 for the ir n system produced in 
reaction M at 38 GeV/c, -t < 0.2 (GeV/c) 2 (a) and 
— t > 0.3 (GeV/c) 2 (b). The curves show fit with the sums 
of relativistic Breit-Wigner functions and polynomial back- 
grounds. 

with the evidence for the hard component in the 
/o(980) at high —t, makes unconvincing the inter- 
pretation of this scalar meson as a KK molecule. 

Mesons with higher spins, / 2 (1270), / 4 (2050) 
and /g(2510), are seen as clear peaks in the £>, 
G and J waves, respectively (fig. 0). For — t < 
0.2 (GeV/c) 2 , all the three mesons are produced 
via an one pion exchange with a small absorption. 
Ratios of the /2(1270) amount in the D waves with 
\m\ = and 1 are equal to 7% at 38 GeV/c and 
3% at 100 GeV/c §,§. The ratios of the / 4 (2050) 
amount in the Go and G± waves are the same as 
those for the /2(1270) in the D waves. As for the 
/6(2510), the upper limit is set for its production 
in the J± waves as compared to the Jo wave (< 0.1, 
95% C.L.) §. 

With momentum transfer increase, an unna- 
tural-parity exchange is died away. For —t > 
0.3 (GeV/c) 2 , the / 2 (1270) and / 4 (2050) are pro- 
duced predominantly via a natural-parity exchange 
(D + and G+ waves). This shows a similarity of 
the production mechanisms of the /2(1270) and 
/ 4 (2050). 

5. A KINEMATIC AL dP T FILTER 

Production of the states with valence gluons may 
be enhanced using glue-rich production mecha- 
nisms. One such mechanism is Double Pomeron 
Exchange (DPE) where the pomeron is thought 
to be a multi-gluonic object. With increasing en- 



3 





H 







if 


M 











2000 



2500 

[MeV] 




+ 



2000 2500 

M..,. [MeV] 



DC 1 



o o o 



Figure 4: The |Go| 2 (a) and |Jo| 2 (b) and phases of the 
Go (c) and Jo (d) waves relative to the Do wave phase for 
the 7r°7r° system produced in reaction (111) at 100 GeV/c, 
—t < 0.2 (GeV/c) 2 . The curves show fit with the sums 
of relativistic Breit-Wigner functions and polynomial back- 
grounds. 



ergy, Double Pomeron Exchange (DPE) becomes 
relatively more important in central production 
with respect to other exchange processes (Reggeon- 
Pomeron and Reggeon-Reggeon exchange) jL2| . 

Recently it has been proposed |HJ [l4| to anal- 
yse the centrally produced resonances in terms of 
the difference in transverse momenta of the ex- 
changed particles which is defined as follows 



dP T 



(P yi Py. 



(P Z1 -P Z2 ) 2 (3) 



where P Vi , P Zi are the y and z components of the 
momentum of the i-th exchanged particle in the 
pp centre of mass system. It has been observed 
that all the undisputed qq states (i.e. p°(770), 
rf, /1 (1285), / 2 (1270), /a(1525) etc.) are sup- 
pressed at small dPr, whereas the glueball can- 
didates /o(1500), /j(1710) and / 2 (1900) survive. 

Figure || shows the ratios of the event num- 
bers for different resonances for small and large 
dPr found from the fit to the efficiency corrected 
mass spectra. It is clearly seen that all the undis- 
puted qq states which can be produced in DPE 
have very small values for this ratio (< 0.1). Some 
states which can not be produced by DPE (namely 
those with negative G parity or I — 1) have slightly 
higher values (ss 0.25). However, all of these states 
are suppressed relative to the non-gg candidates 



Figure 5: The ratios of the amounts of resonances with 
dP T < 0.2 GeV/c to the amounts with dP T > 0.5 GeV/c. 



/o(980), / (1300), / (1500), /j(1710) and / a (1900) 
which have values for this ratio of about 1. 



6. REACTION pp 



Pfir°ir°p s 



A PWA of the reaction pp — > p/7r°7r°p s has been 
carried out in the mass range from the threshold 
up to 1.8 GeV. The S wave amplitude for one of 
the two PWA solutions is much smaller than am- 
plitudes of the D waves in the whole mass range. 
This solution is rejected as unphysical one. 

The S wave for the physical solution is char- 
acterized by a broad bump below 1 GeV and two 
shoulder, at 1 and 1.4 GeV (fig. g). The first 
shoulder is attributed to the /o(980), the second 
one may be explained by the interference of the 
/o(1300) and /o(1500) resonances (see sect. 6). 
Peaks corresponding to the A (1270) are seen in 
the Do and P>- waves, such peak is absent in the 
D + wave. Ratio of the D- and Do wave intensities 
is about 20% at the / 2 (1270) mass. 

In order to apply the kinematical dPx filter, 
PWA have been performed in intervals dPx < 
0.35 GeV/c, 0.35 < dP T < 0.6 GeV/c and dP T > 
0.6 GeV/c. The shoulders at 1 and 1.4 GeV in the 
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Figure 6: The \S\ 2 for the n°7T° system produced in re- 
action (Q) in the NA12/2 (a) and WA102 (b) experiments. 
The curves show fit with the sums of two relativistic Breit- 
Wigner functions and backgrounds. 



S wave have approximately the same heights in 
the three dPr intervals, whereas the bump below 
1 GeV becomes much more prominent for small 
dPr- The /2(1270) peaks are clearly seen in the 
Dq and D_ waves for large dPr and disappear for 
small dPx- 

Table 1. 

Resonance production as a function of dPj< expressed as a 
percentage of its total contribution. dPj< intervals are given 
in GeV/c. 



dP T < 0.35 0.35 < dP T < 0.6 dP T > 0.6 



/o(980) 34 ±7 42 ±7 24 ± 5 

/o(1300) 30 ±9 38 ±8 32 ± 7 

/o(1500) 32 ±8 42 ±7 26 ± 7 

/ 2 (1270) not seen 24 ± 5 76 ± 4 



Relative contributions of the resonances ob- 
served in the centrally produced 7r°7r° system for 
three dPx intervals have been estimated from a 
simultaneous fit to the NA12/2 and WA102 data 
(see sect. 7). These contributions are presented in 
table 1. The / (1300) and / (1500) have a similar 
behaviour as a function of the dPx not consistent 
with that observed for qq states. It is interest- 
ing to note that the enigmatic / (980) also does 
not behave as a normal qq state. In contract, the 
/ 2 (1270) is suppressed for small dP T and enhanced 
for large dPr in agreement with the behaviour of 
the other qq states. 



7. FIT TO THE S WAVE 

In order to determine the parameters of the scalar 
resonances, a fit to the S wave has been performed. 
The following parametrisation is used: 

JV„ S 

A(M^) = G(M^) + g a n e l( >-B n (M^), (4) 

G(Af^) = (M™ - 2m,) a e-^"-^» (5) 

where a n and 6 n are the amplitude and the phase of 
the n-th resonance, respectively, a, (3 and 7 are the 
real parameters, B(M V7V ) is the relativistic Brcit- 
Wigner function. To describe the |S| 2 , function (jij) 
module squared has been convoluted with a Gaus- 
sian to account the experimental mass resolution. 

First, a fit to the S wave for the 7r°7r° sys- 
tem produced in reaction (1) at 38 and 100 GeV/c 
has been carried out using four resonances (fig. |2|) . 
Three of them, / (980), / (1500) and / (2000), 
correspond to the dips at 1, 1.5 and 2 GeV. One 
more resonance, /o(1300), is needed to describe the 
bump around 1.2 GeV. Without this resonance, 
quality of the fit deteriorates significantly. As a re- 
sult of the /o(1300) and /o(1500) interference with 
the S wave background, the mass of the /o(1300) 
turns out to be shifted to higher values as com- 
pared to the bump maximum, the /o(1500) mass 
is also shifted as compared to the dip position. Pa- 
rameters of the scalar resonances determined from 
the fit are presented in table 2. 

Second, a fit to the reaction (2) S wave has 
been performed (fig. ^). To begin, two resonances 
are included in the fit to describe the shoulders 
at 1 and 1.4 GeV. A mass 988 ± 10 MeV and 
a width 76 ± 20 MeV of the first resonance are 
consistent with the tabulated parameters of the 
/o(980) p0| . For the second resonance a mass of 
1420 ± 30 MeV and a width of 230 ± 50 MeV are 
obtained. This state can be reproduced as a re- 
sult of the / (1300) and / (1500) interference. The 
amount of the /o(1300) is found to be about 20% 
of that of the / (1500). 

Finally, a simultaneous fit to the reaction (1) 
and (2) S wave has been performed. The /o(980), 
/o(1300), / (1500) and / (2000) are introduced to 
describe the S wave in reaction (1), only first three 
resonances are used in the fit to the S wave in 
reaction (2). Fit gives the / (980) and / (1300) 
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masses consistent with those obtained from the fit 
to the charge exchange data, whereas a mass of the 
/o(1500) is shifted to lower values. The / (1500) 
mass found from the simultaneous fit agrees well 
with the tabulated value |l(| , while the width turns 
out to be somewhat larger. As a result of the 
/o(1500) mass shift, a mass of the /o(2000) also 
becomes slightly smaller but agrees within the er- 
rors with the value obtained from the reaction (1) 
S wave fit. The state with a similar mass and 
width was observed by the WA102 Collaboration 
in the reaction pp — > pf(ir + TT~ir + n~)p s [|l5| . 

Table 2. 

Parameters (in MeV) of the scalar resonances obtained from 
the fit to the reaction (1) S wave (fit I) and the simultane- 
ous fit to the reactions (1) and (2) S wave (fit II). 





Fit I 




Fit II 




1 

2 


Mass 


Width 


Mass 


Width 


/o(980) 


970 ± 10 


85 ±20 


980 ± 10 


80 ±20 


3 


/o(1300) 


1310 ±25 


195 ± 40 


1300 ± 25 


220 ± 40 




/o(1500) 


1590 ± 80 


300 ± 90 


1495 ± 35 


250 ± 60 




/o(2000) 


2020 ± 60 


220 ± 80 


1960 ± 60 


210 ±80 
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8. CONCLUSIONS 

The partial wave analyses of the tt q tt° system 
produced in charge exchange n~p reaction at 38 
and 100 GeV/c and in central pp collisions at 
450 GeV/c have been carried out. The / (980) 
and /o(1500) appear in different ways in the two 
processes. These resonances are observed as dips 
in the S wave at 1 and 1.5 GeV in charge exchange 
reaction, whereas in central production the /o(980) 
and /o(1500) are seen as shoulders. The /o(1300) 
is essential for the description of charge exchange 
data while in central production contribution of 
this resonance is less prominent. The centrally 
produced / (980), / (1300) and /o(1500) have a 
similar dependence as a function of the cIPt, dif- 
fered from that observed for all the undisputed qq 
mesons. 

An extra /o(2000) state is observed in charge 
exchange reaction, ft is similar to the scalar res- 
onance observed by the WA102 Collaboration in 
the reaction pp — > p/(7r + 7r~7r + 7r~)p s . Existence 
of a new scalar state around 2 GeV may be very 



important for understanding of the scalar nonet 
structure and for isolating the lightest scalar glue- 
ball. 

For mesons with higher spins, production 
mechanisms of the / 2 (1270), / 4 (2050) and / 6 (2510) 
as a function of momentum transfer in reaction 
(1) have been studied. All the three mesons are 
produced via a dominating one-pion exchange for 
small —t, whereas for large —t the /2(1270) and 
^4(2050) are produced predominantly through a 
natural-parity t-channel exchange. The /2(1270) is 
clearly seen in the reaction (2) Do and D_ waves 
for large dPr- Its behaviour as a function of the 
dPr is consistent with that expected for qq state. 
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